Compliance has become one prerequisite of robots designed to work in complex operation environment where dynamic and uncertain physical contact or impact takes place frequently and even intentionally. Impedance control is a typical complaint control methodology. Standard impedance control is based on dynamics described by a spring and damper model connected in parallel way, which endues the robot an elastic behavior. In contrast, plastic deformation can be realized by Maxwell model in which spring and damper connect in series. In this study, a novel Cartesian impedance controller is constructed based on the Maxwell model. Implementation in a robot manipulator is executed to validate and analyze the proposed control law. A plastic deformation behavior of the robot manipulator is produced and certain extent compliance is achieved under the unpredictable impact or contact force exerted by human or other environment objects.
Introduction
A rapid increase in the opportunity of robots' physical interaction with complex environment, including humans, other robots, and operational objects has occurred because of the tendency that robots break through the confined spaces and structured environments. One major challenge is the provision of innovative solutions to deal with the situations in which robots run in complex operation environments. Therefore, compliance has become one of a few prerequisites of robots since it can deal with a certain extent uncertainty and complexity, especially the prevention of damage to robot itself and environment. In general, there are two categories of compliance. One is mechanical or passive compliance, including remote center compliance, which is also called RCC device [1] . Other mechanisms have been developed to implement a sense of mechanical softness, such as variable stiffness joint, also called VS-joint [2, 3] , pneumatic artificial muscle actuators [4] . In some literatures, these mechanisms are also referred as compliant design for intrinsic safety [5] .
The other way of compliance is software servo control or active compliance. Impedance control is a typical compliant control methodology, which adjust the inertia, viscosity, and elasticity to achieve a dynamic relationship between displacement and external force. This original idea of a impedance model used for controlling the interaction between manipulator and environment dates back to the works [6, 7] . Several different approaches to implement this control method have been proposed from a variety of perspectives: feedback from positions and velocities without the need for force sensors [8] and the adjustment of jointindependent compliance to set the compliance of an endeffector [9] . For redundant manipulators, the use of nullspace motion is the key to meet additional requirements with respect to the desired behavior [10] . The design of nullspace stiffness and damping has been well researched in the task space and joint space [11] . Impedance controller for flexible joint robots is proposed in [12, 13] . In their appealing works, both methods have a cascaded structure with an inner torque feedback loop and an outer impedance controller. In [14] , learning impedance control is proposed for physical robot-environment interaction. The dynamics of the robot arm is governed to follow a target impedance model and the interaction control objective is achieved. A novel interface for human impedance adaptive skill transfer in a natural and intuitive manner is proposed by [15] . Besides, a DMPbased framework for robot learning and generalization of humanlike variable impedance skills is formulated in [16] . These impedance control methods mentioned above are based on a kind of viscoelastic model [17] which is called Voigt model that connects a spring and damper in parallel way. Therefore, a repulsive force is always generated because of the superior effect of spring. In other words, the spring is dominant in Voigt model. By contrast, there is another parallel-type viscoelastic model called Maxwell model. In [18] , a visual absorber based on Maxwell model to realize a natural impact absorption is proposed. In their work, a shock absorber is constructed by a spring-based passive elastic body and a damping controlled joint connected in series. This 2-DOF robot receives the impact of a rolling down object without repelling it, which is called plastic behavior. A Maxwell model based impedance control law is proposed for smoothly receiving the impact of an incoming object in [19] . Simulations of the impact absorption with a robotic arm are executed using an open dynamics engine to validate and analyze the proposed control laws. However, to our knowledge, no practical robot platform implementation has been reported in literature works. Differences between simulation and practical implementation always exist, since simulation is a kind of simplification and approximation in most cases. Therefore, we propose a Cartesian impedance control scheme based on Maxwell model and implement it in a scenario where unknown contact between robot and other objects exists. Different from previous works, the design and implementation of our method remain in Cartesian space which is more closely related to the physical interaction between robot and environment than in joint space. The experiment results show that a plastic deformation behavior is realized when unknown contacts and impacts happen. Certain extent compliance is achieved under the unpredictable impact or contact force exerted by human or other environment objects. Our work shows a promising usage in some impact energy absorption tasks such as robot catching flying ball without repelling. And this kind of compliance may open a gate in human robot collaboration tasks to ensure the robot a more soft and passive contact with humans.
In this paper, we design a Cartesian impedance controller based on Maxwell model to realize a kind of plastic deformation behavior in a robot manipulator. First, the motion equations are given and dynamic properties of both models are described. After that, the existence of an equivalent transformation of the Maxwell model between the series and parallel representations is emphasized. Next, a Cartesian impedance control law based on Maxwell model for multiple links robotic arms is proposed to achieve a plastic deformation behavior. Finally, the proposed methods are validated by experiments and discussions are given with an emphasis on differences between our method and standard impedance control. Attached video (available here) is given as a demonstration of our work.
Comparison of Two Models
The concept of viscoelastic models [17] dates back to early works in material and other scientific disciplines. There are two basic linear viscoelastic models: the Voigt model and the Maxwell model, as shown in Table 1 . Motion equations and over-damped conditions of both models in one-dimensional case are also given. It is assumed that a mass of , spring constant , and damping or viscosity coefficient are all lumped elements. The Voigt model, which connects a spring and damper in parallel, is suitable for representing elastic deformation, in which the displacement returns to zero when an external force is removed. In contrast, the Maxwell model, which connects a spring and a damper in series, is suitable for representing plastic deformation, in which the displacement does not return to zero, even when the external force is removed. That is why we call it plastic deformation.
The time-domain transient and steady state response of both viscoelastic models in different damping conditions, namely, under damping, critical damping, and over damping, are demonstrated in Figure 1 . In one-dimensional case, the difference of dynamic properties of two viscoelastic models is shown in Figure 1 . As can be seen from Figure 1 (a), the deviation displacements converge to zero under different coefficients, namely, critical damping, over damping, and under damping, which means the system always returns to the original point. By contrast, the Maxwell model based system never returns to its original position. This phenomenon is called plastic deformation. In Figure 1 (b), it is indicated that the rest or steady position can be changed from 0.5m to 2 m with different coefficients. Besides, the transient response is also determined by these system coefficients and is similar to the Voigt model case. Since most robot applications including our work have multiple joints, the motion equations and dynamic properties of multidimensional case are thoroughly studied as follows. 
Modeling
. . Motion Equations. It is assumed that a mass of , spring constant , and viscosity coefficient are lumped parameters, so the mass is concentrated at the end-effector of robots. The displacement of the end-effector 푒 = − 0 is varied with an external force , where and 0 are current and neutral positions of the end-effector, respectively. Note that 0 is a constant in set-point control of end-effector, also 0 corresponds to the reference trajectory in common impedance control. For example, the titles for this document begin as follows:
(i) Voigt Model: the well-known motion equation of standard impedance control can be expressed as follows:̈푒
This typical second order differential equation describes the evolution of the end-effector when external force applied. And the displacement 푒 converges to 0 if the external force → 0. Similar to one-dimensional case, the motion becomes over-damped under the condition of 2 > 4 .
(ii) Maxwell Model: in the Maxwell model, the displacement of end-effector 푒 is the sum of the displacements of spring and damper. The motion equation in this case can be represented as follows:
where 푒 = − 0 is the displacement of the damper and and 0 are current and neutral position of the damper, respectively. Combining the two equations to eliminate 푒 , the motion equation of the end-effector can be expressed bÿ
Here, displacement of the end-effector 푒 does not converge to 0 but to a position where the force balance of driven torque and the external force are exerted. This means the deformation caused by external forces is not elastic, but plastic. Intuitively, the damper does not necessary return to the original position, whereas the spring needs to return the neutral position. In the sense of conservation of energy, spring is a kind of elements which can store energy, but damper is a dissipation element. In our model, assume the friction is ignored, and when external force disappears, the spring releases the energy it stored and recovers to the original point, but the damper converts most energy into thermal energy. Moreover, this process is invertible, so the damper never comes back to original point like the spring. That is why plastic deformation happens.
. . Equivalent Transformation. According to the above second order differential equations, there is an equivalent transformation between these two model dynamics, through eliminating the intermediate variable . The fact means that if the coefficients are appropriately adjusted, the Maxwell model can be transformed to the parallel expression, as shown in Figure 2 , in which the damping term is transformed to
and the integral term of external force −1 ∫ is added. Moreover, when putting these models into controller 
Controller Design
. . Contact Dynamics. The dynamics equation of a manipulator in joint space is as follows:
where ( ) is the inertia matrix in joint space and ( ,) and ( ) are the Coriolis and Centrifugal forces and gravity, respectively. is the Jacobian matrix, which represents the differential kinematics. is the driving forces or torques, and is the external force exerted on the robot end-effector. Note that the friction is ignored or assume this term can be properly treated such as nonlinear compensation.
The Lagrange dynamics in joint space has been thoroughly studied. However, robot arms operate in Cartesian space in most cases. Here the dynamics equation in Cartesian space is given as (6) . Note that the computation of control laws restricts to joint space in both cases.
where
† is pseudoinverse of the Jacobian matrix, which is typically
, 푥 ( ) are the inertia matrix in Cartesian space, Coriolis and Centrifugal forces and gravity expressed in Cartesian space, respectively. A few properties useful for analysis are listed as follows.
Properties
(i) The inertia matrix 푥 ( ) > 0 or positive definite matrix, provided Jacobian matrix ( ) is nonsingular.
(ii) The matriẋ푥 − 2 푥 is skew-symmetric, provideḋ 푞 − 2 ( ,) satisfies the same property.
. . Controller Design. Impedance control imposes a desired dynamic behavior to the interaction between robot endeffector and environment, and the desired performance is specified through a generalized dynamic impedance, namely, a complete set of mass-spring-damper equations. Here, the desired dynamic behavior is based on Maxwell model, not typical Voigt ones using by standard impedance control. In other words, dynamic behavior described by (8) is desired in Maxwell model based impedance control.
where 푑 is the desired inertia matrix, 푑 and 푑 are desired damper and spring coefficient matrix, respectively. The last force integral term 푑 −1 푑 ∫ should be paid more attention, since it is the main difference between Maxwell model and the traditional Voigt model. Before the impedance controller design, a few prerequisites or assumptions are made here.
Prerequisites
(i) Jacobian matrix is nonsingular, which means the prevention of singular is measured and well handled.
(ii) Feedback information of the external force . Normally, external forces can be gauged by F/T force sensors or estimated by contact force/torque observers [20] .
To achieve the desired response described by (8), a nonlinear feedback control law is derived as the following equation.
For better understanding, the results above can be divided into several terms, namely, feed-forward term 푑 ∫ . The control architecture of both our method and standard impedance control is illustrated in Figure 3 . The main differences between our method and the standard impedance control are summarized as follows. On one hand, the external force integral term, which is also called plastic deformation
푑 ∫ is the key part which made our impedance control law different from standard ones. This term is also the cause of plastic deformation of the proposed behavior since this integration does not disappear even after external forces vanish. Moreover, due to the property of integral, accumulations of deviations caused by successive forces exist and are verified by our following experiments. Therefore, it is worth to note that limitations should be added to prevent this integral from becoming saturation or exceed the hard limits of mechanical components in real scenario implementation. On the other hand, derivation of the end-effector goes to zero in standard impedance control case. In other words, the end-effector returns to its original position after external forces vanish. This elastic behavior can be easily validated theoretically and practically. However, in our case things work in other way. Due to the nonvanish force integral term, the end-effector never goes back to its original position even if friction between structures is not taken into consideration. Besides, this deviation accumulates as external forces continuously exert on the end-effector. That is what plastic elastic deformation means.
Moreover, if gravity is compensated appropriately or in some scenarios such as planar or space robots, the proposed impedance control law can be simplified into the following. Figure 4: Robot manipulator in experiment setting.
In this paper, since a planar robot manipulator is used in our experiment, then Cartesian impedance control law expressed by (10) is our choice.
Experiments
The experiment settings in this work are shown in Figure 4 . The 3-DOF planar robot manipulator is actuated by three Maxon5 motors fixed on the joints with a turn ratio of 1:100. The actuators are installed in parallel along the three axes, such that the redundant robot moves in the horizontal ( − ) plane and gravity in vertical direction ( ) is ignored. Dynamic equations and parameters with International Standard Unit (forces in , etc.) are listed in Table 2 . Remember that Coriolis and Centrifugal terms can be derived via the inertia matrix in the table, and gravity forces are omitted in our planner robot case. The incremental encoders offer the joint position measurement with a resolution of 2000. The sensors and actuators are connected with the computer using a PCI communication card. The Maxon5 driver is used to communicate between the executable and the robot. The algorithm proposed is executed in Ubuntu Linux system with RT-Kernel, and the first order Euler solver runs at a sampling rate of 1 kHz. A JR35 67M series digital output force sensor which can provide up to 6 dimensions of contact force and torque is mounted on the wrist of robot end-effector.
In order to make a comparison between our Maxwell model based method and the standard impedance controller, an experiment of standard Cartesian impedance control is conducted first. The typical elastic deformation is observed and experimental results are given below. After that, experiments of our method have taken place and discussions are made. The main content of our experiments can be found on the attached video (.mp4).
. . Standard Impedance Control in Cartesian Space. The desired impedance are defined as 푑 = diag [2, 2] 2 / , 푑 = diag[30, 30] / , and 푑 = diag[100, 100] / . The time response of external forces exerted on the robot endeffector by human or environment objects is shown in Figure 5 (a). And the corresponding deviation of end-effector in Cartesian space is given in Figure 5 (b). Since the robot manipulator operates in Cartesian space and it is easier for us to observe its deformation behavior, the joint space displacements are not given here. It turns out that the endeffector returns to its original position even after successive external forces which happen at 17.2s and 21.4s. Besides, there is no accumulated displacement between two external forces. The end-effector goes back directly to Cartesian position ( 푒 , 푒 ) = (−0.07, 0.6) after one external contact force vanishes. This kind of robot behavior is considered as elastic deformation and it is widely used in literatures with respect to impedance control both in joint and Cartesian space.
. . Maxwell Model Based Cartesian Impedance Control.
Experiments of our method which is Maxwell model based Cartesian impedance control are conducted in several manners. Firstly, experimental results in one external force case with desired impedance parameters 푑 = diag [2, 2] 2 / , 푑 = diag[30, 30] / and 푑 = diag[100, 100] / are given in Figure 6 . The time response of external force and corresponding Cartesian deviation of end-effector are given in Figures 6(a) and 6(b) , respectively. It is shown that the end-effector never returns to its original position ( 푒 , 푒 ) = (−0.07, 0.6) even after the external force vanishes, staying at Cartesian position ( 푒 , 푒 ) = (0.09, 0.58) . In other words, the deviations in both x and y directions caused by external contact force exist and remain before next external force comes. This phenomenon is also shown in Figure 6 . That is why we call it plastic deformation behavior which is different from elastic deformation shown above.
In Figure 6 , it is indicated that larger external forces result in larger deformations in both Cartesian directions. Moreover, Figure 7 shows that the deviation accumulates between two successive external forces. In our view, the internal term of external force 푑 −1 푑 ∫ plays a central role in our novel Maxwell model based impedance control method. This force integral term is also the main difference Complexity between our method and the standard or typical impedance control methodology. Because of the inherent property of integration, deviations caused by external forces remain even after the external forces vanish. Besides, this deviations accumulate as the external force goes and may exceed the hardware limits thereby causing damage to robots. Therefore, it is worth to emphasize that saturations of actuators should be taken care of and prevented by taking some measures like setting upper limits in real robot implementations.
Conclusions
A novel Cartesian impedance controller based on Maxwell model is designed and implemented practically in a robot manipulator platform. Both viscosity models are analyzed and the equivalent transformation between them is given. By contrast, this novel kind of impedance control makes the robot endure a plastic deformation behavior which is highly different from standard elastic deformation. Certain extent compliance is achieved under unpredictable contact forces. Our work shows a promising usage in some tasks such as robot catching flying ball without repelling. Moreover, this kind of compliance may open a gate in human robot collaboration tasks to ensure a more soft and passive physical interaction between robot and human.
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